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Field of the invention 

The present invention relates to catalysts. Particularly the invention relates to 
(de)hydrogenation catalysts. The invention further relates to the processes of preparing such 
catalysts. The invention also relates to the use of such catalysts in catalytic processes, 
particularly for the dehydrogenation of paraffins. Further the invention relates to processes of 
preparing alkenes by the use of such dehydrogenation catalysts, and to the hydrogenation of 
unsaturated hydrocarbons by the use of such catalysts. 

Background of invention 

In a previous invention 1 , it has been shown that catalysts with excellent activity and stability 
properties for the catalytic dehydrogenation of light paraffins may be obtained by deposition 
of a Group VIII metal, a Group IVA metal and, optionally, a Group I A metal, on a mixed 
oxide carrier material, Mg(Al)0. The mixed oxide carrier material is characterised by a high 
surface area (typically 100-300 m 2 /g) and a high stability towards sintering. In a more recent 
invention 2 , it was shown that improved stability of the carrier material is obtained by 
increasing the M 2 7M 3+ ratio (> 2) and by increasing the calcination temperature (700-1200°C). 

Mixed M 2+ (M 3+ )0 materials may be obtained by calcination of a hydrotalcite-like material 
(HTC) of general formula: 

M 2+ a M 3+ b (OH) c (A n ) d *xH 2 0 

at temperatures in the range 350-800°C \ The transformation to the mixed oxide phase may be 
(partly) reversible, depending on the elements, which constitute the original HTC material, the 
preparation method, as well as the calcination conditions 3 . It has been reported that a 
M 2+ (M 3+ )0 material, that had been calcined at 500°C, regained it's hydrotalcite-like structure 
after contacting it with water c E : 4 5 . It has further been reported that when hydrotalcite-like 
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materials are used as ion-exchange materials for cleaning cooling water, such materials have a 
much higher ion uptake capacity when contacted with an aqueous solution after calcination to 
the oxide structure, than the corresponding uncalcined materials 4 5 . The explanation that was 
suggested is that ions present in the aqueous solution are taken up as constituent components 
in the structure as it is re-converted to the hydrotalcite-like form 4 . 

In the literature, numerous examples may be found relating to the use of hydrotalcite-like 
materials as catalysts or catalyst carriers eg: \ Due to it's layered structure, hydrotalcite-like 
materials and the calcined analogs offer a variety of possibilities for insertion of an active 
metal, or of a promoter compound, as illustrated by the following examples: 

• The active metal may be introduced as one of the hydrotalcite cation components, followed 
by partial decomposition of the structure near the catalyst surface, by which the active 
metal component is released (e.g. Ni-Al-O compounds for use in steam reforming 6 ). 

• The active metal may be impregnated on a hydrotalcite-based carrier (e.g. Pt on Mg-Al-O 
used for aromatisation of n-hexane 7 ). 

• The active metal may be introduced as anions by anion exchange in the interlayer space 
(e.g. Mo- or V-containing HTC-based catalysts for the oxidative dehydrogenation of 
hydrocarbons 8 ). 

The impregnation methods that have been published to date, and which are relevant for the 
present invention, may be illustrated by the following examples: 

In 9 , a Ru/Mg(Al)0 catalyst is prepared by dissolving RuCl 3 in water and »throwing into the 
flask in one go» a (Mg-Al-O type) hydrotalcite in the hydroxycarbonate or oxide form. The 
resulting material is centrifuged, vacuum-dried and, optionally, heat-treated at 500°C in N 2 . It 
is then reduced and used for the hydrogenation of aromatic hydrocarbons at 150°C. In 10 , the 
invention is extended to involve other platinum group metals, preferably Pd. 

In n , Pt and/or Pd salt is dissolved in a solvent (preferably water), followed by spraying it 
onto a hydrotalcite support, or (preferably) soaking the hydrotalcite support in the solution. It 
is underlined that the pH of the solution must be at least about 5 or higher (preferably 6-8), in 
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order to avoid damage of the hydrotalcite. After the metal deposition step, the product is 
heated to 200-400°C in an inert or oxidising atmosphere, and reduced at about 50-450°C, 
before using it as a catalyst for CO oxidation in the temperature range (-60)-400°C. 

In 7 , a calcined hydrotalcite, Mg(Al)0, is impregnated with Pt(NH 3 ).,Cl 2 in aqueous solution, 
dried, calcined in air at 380°C and reduced in H 2 at 430°C prior to using it as an w-hexane 
aromatisation catalyst at 480°C. A patent corresponding to the said publication covers (in 
Claim 1) « aromatisation catalysts comprising a Group VIII metal on a hydrotalcite-type 
support having in its uncalcined form a hydroxycarbonate structure)) I2 . 

In 13 , Pt/Mg(Al)0 catalysts were prepared by various methods and the final materials 
compared as w-hexane aromatisation catalysts. Prior to impregnation, the hydrotalcite was 
calcined at 600°C for 12-15 hrs. XRD analysis showed diffuse peaks corresponding to MgO 
after calcination. Impregnation was performed by either incipient wetness impregnation of 
H 2 PtCl 6 from an aqueous solution, leading to re-generation of the HTC structure, by vapour 
phase impregnation of Pt(acac) 2 , or by liquid phase impregnation of Pt(acac) 2 dispersed in 
acetone. During impregnation of Pt(acac) 2 from vapour phase or from acetone, the MgO 
structure of the carrier material was maintained. After impregnation, the catalysts were 
calcined at 350°C/6h and reduced in flowing H 2 at 400°C/2h. During calcination, the MgO 
phase was partly regenerated for the catalyst impregnated from aqueous solution. H 2 
chemisorption measurements showed that vapour impregnation gave twice as high metal 
dispersion (H/Pt = 1 .4) compared to liquid impregnation from aqueous or acetone solution 
(H/Pt = 0.5). n-hexane aromatisation experiments showed that the catalyst prepared from an 
acidic metal precursor in aqueous solution led to a higher selectivity towards cracking than the 
other catalysts. This effect was explained by a higher acidity of the metal complex 
impregnated from aqueous phase. Impregnation of the catalysts with an alkali metal (K) led to 
improved benzene selectivity. 

In our group's previous inventions, an organic solvent was used for metal deposition 1 * 2 . The 
choice of an organic solvent was based on two observations: 

First, the materials were to be used at elevated temperatures, where the hydrotalcite is known 
to be transformed to a MgO structure. The high surface area of the calcined carrier material 
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(typically 100-300 nr/g) compared to the hydrotalcite phase (typically <50 m 2 /g) was 
believed to give the best dispersion of the active components (compared to restoration of the 
hydrotalcite during aqueous impregnation). 

Second, the Group IVA metal salt, which is preferably tin in the previous invention \ was 
known to have a higher solubility in organic solvents than in water 14 . It is known in the art 
that tin-containing salts may be dissolved in water after the addition of an inorganic acid, or a 
mixture of an inorganic and an organic acid 15 . In the course of the present work, it was 
discovered that Group IVA metal salts may also be dissolved in water acidified with an 
organic acid alone. It was further discovered that both aqueous and organic solutions 
containing Pt and Sn turned red upon dissolution of SnCl 2 , indicating the formation of a Pt-Sn 
complex. 

Due to environmental concerns, organic solvents may not be the optimal choice for catalyst 
preparation at a commercial plant scale. Based on such concerns, the original aim of the 
present work was to develop a metal deposition method based on aqueous metal salt solutions. 
Surprisingly, it was found that an aqueous suspension of the M 2+ (M 3+ )0 carrier material, 
leading to the reformation of the hydrotalcite-like phase during metal addition, leads to 
catalysts with improved activity and stability properties compared to those obtained by metal 
addition to the calcined M 2+ (M 3+ )0 phase. 

Under industrial conditions, catalyst pellets of a certain size must be used in order to reduce 
the pressure drop through the catalyst bed, especially in fixed-bed reactors. In order to 
increase the mechanical strength of the catalyst pellets, binder materials are often added 
before pelletisation. Alumina is often used for this purpose. 17 

Catalytic dehydrogenation of hydrocarbons is a well-known and commercially important 
process (16). The reactions follow the general reaction equation: 

C n H 2n+2 = C n H 2n + H 2 (i) 

Dehydrogenation reactions are strongly endothermic, and the conversion is limited by 
thermodynamic equilibrium. As an example, the equilibrium conversion for the catalytic 
dehydrogenation of propane is approx. 62% under the conditions used in the present work. 
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The Gibbs energy of reaction (i) becomes more favorable with increasing temperatures, 
leading to higher equilibrium conversions. The equilibrium conversion at a given temperature 
further decreases with increasing pressure, and increases with an increasing chain-length (n). 
The major byproducts from dehydrogenation reactions are lighter hydrocarbons resulting from 
cracking reactions, as well as coke. Hydrogenolysis of the reactant, as well as hydrogenation 
of unsaturated products, may also occur. Coke formation leads to catalyst deactivation 
through encapsulation of the active site, and coke must be gasified in regeneration cycles. In 
some cases, steam is added to the process to prevent coke formation. In those cases, CO x may 
be formed from steam reforming of the hydrocarbons. 

Summary of invention 

This invention relates to a method for preparing catalysts consisting of metals (in any 
oxidation state) on a M 2 \M 3 *)0 support, where M 2+ is one or a combination of several 
divalent cation(s), such as Mg, Ni, Co, Cr, and M 3+ is one or a combination of several trivalent 
cation(s), such as Al, Ga, Cr, Co. The said catalyst is obtained by addition of metal(s) to the 
support while the latter is (at least partly) in, or transformed to, a hydrotalcite phase, followed 
by washing and calcination to obtain the final catalyst. 

Prior to metal deposition, the support material may have been subject to preparation; 
preparation and drying; preparation, drying and calcination; preparation, drying, calcination 
and suspension; preparation and anion-exchange, or any other combination of the said 
methods, as well as any other method known in the art for obtaining a hydrotalcite-like phase. 

The metal(s) to be added to the carrier material may exist as organic or inorganic metal salts 
or complexes, or as a mixture of such salts and complexes. Prior to addition, the metals may 
or may not be dissolved in an organic solvent, such as ethanol, acetone, or in an aqueous 
solution. The aqueous solution may have a neutral pH, or it may have been acidified by using 
an inorganic acid, such as e.g. HC1, HN0 3 , or it may have been acidified by using an organic 
acid, such as e.g. acetic acid, citric acid, oxalic acid; or by using a mixture of organic and 
inorganic acids. 

The solvent may also consist of both an organic solvent and water with or without an organic 
acid and/or an inorganic acid. 
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The metal addition may proceed through wet impregnation, incipient wetness impregnation, 
spraying, vapour deposition or any other method known in the art. The metal addition may 
take place while the carrier material is in a suspention, or on a dry or wetted carrier material in 
a fixed bed, a fixed moving bed or a fluidized bed state. Addition of several metals may 
proceed simultaneously or in a sequential order. When performed simultaneously, the several 
metals may be present as individual ions, or in mixed complex ions. The wet impregnation 
contact time may range from 0.01 to 30 hours, preferably about 0.05 to 5 hours. 

After the metal addition step, the resulting material is optionally filtered and/or washed and/or 
dried, and finally heated in an inert or oxidizing atmosphere in order to obtain a catalyst with 
a high surface area, high sintering resistance and high and stable metal dispersion. Before 
using it as a catalyst, the material may optionally be treated in a reducing atmosphere under 
conditions which lead to an optimal oxidation state of the active metal(s). 

Thus the present invention particularly relates to a catalyst comprising at least one metal 
loaded on a hydrotalcite-based carrier material which has the following formula in it's 
uncalcined form 

M 2+ a M 3+ b (A n ) c (OH) 2a+3lM , c *xH 2 0, 

wherein M 2+ is at least one divalent metal; and M 3+ is at least one trivalent metal; 
A is an n-valent anion 
n is 1 or 2, 
c is 1 or 2, 

and a and b are positive numbers, a>b; 
the catalyst being prepared by; 

a) addition of at least one metal salt or complex to the carrier material, of which the 
carrier material is (at least partly) in, or transformed to, the hydrotalcite phase during the 
metal addition step; 

b) followed by washing, and 
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Particularly the invention relates to a (de)hydrogenation catalyst comprising at least one metal 
selected from each of the group VIII (group IVA and group I A) of the periodical table of 
elements loaded on a hydrotalcite-based carrier material which has the following formula in 
it's uncalcined form 

M 2+ a M 3+ b (A n -) c (OH) 2a . 3b . nc *xH 2 0 9 

wherein M 2+ is at least one divalent metal; and M 3+ is at least one trivalent metal; 
A is an n-valent anion 
n is 1 or 2, 
c is 1 or 2 

and a and b are positive numbers, a>b; 
the catalyst being prepared by: 

a) addition of at least one metal salt or complex to the carrier material, of which the 
carrier material is (at least partly) in, or transformed to, the hydrotalcite phase during the 
metal addition step; 

followed by 

b) washing, and 

c) calcination. 

In a preferred embodiment M 2+ is at least one divalent metal selected from the group 
consisting of Mg, Ni, Zn, Fe, Co, Cu, Cr, Mn, Ru, Rh, Pd, Os, Ir, Pt; 

and M 3+ is at least one trivalent metal selected from the group consisting of Al, Ga, Ni, Co, 
Fe, Cr, Mn, V, Ti; 

A is OH and/or C0 3 ; CH 3 COO; or other inorganic or organic acid residues 
n is 1 or 2. 



Preferably M 2+ is Mg. 
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Further M 3 ~ is preferably Al. 

Optionally M 3+ is further Ga. 

According to one option the at least one metal salt or complex has been added in an aqueous 
solution. 

In that case the at least one metal salt or complex may have been added in an aqueous neutral 
solution. 

Further the at least one metal salt or complex may have been added in an acid aqueous 
solution. 

In that case it is preferred that the pH of the acid aqueous solution is lower than 5, and 
preferably lower than 4. 

According to a preferred embodiment thereof the at least one metal salt or complex has been 
added in an aqueous inorganic acid solution. 

A preferred aqueous solution is an aqueous HC1 solution. 

The acid aqueous solution may also be a solution of an organic acid such as acetic acid. 

Another option is that the at least one metal salt or complex has been added in an organic 
solution. 

The addition of the at least one metal salt or complex has then according to a preferred 
embodiment been performed in an ethanol solution. 

According to another option of the invention the at least one metal salt or complex has been 
added by wet impregnation. 
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The contact time between the metal containing solution and the carrier material may be 
between 0.01-30 hours, preferably between 0.05-5 hours. 

According to a further option of the invention the at least one metal salt or complex may have 
been added by incipient impregnation. 

The at least one metal salt or complex may also have been added by spraying. 

At last the at least one metal salt or complex may further have been added by vapor 
deposition. 

The hydrotalcite based carrier has preferably been prepared by mixing Mg(N0 3 ) 2 *6H 3 0 and 
A1(N0 3 ) 3 ^9H 2 0 dissolved in water with a basic aqueous solution comprising OH and C0 3 
anions. 

Further the hydrotalcite based carrier may have been subject to drying. 

In addition the hydrotalcite based carrier may have been subject to calcination. 

Also the hydrotalcite based carrier may have been subject to the above mentioned preparation, 
drying and calcination followed by suspension. 

The hydrotalcite based carrier may optionally have been subject to an anion exchange. 

At last the hydrotalcite based carrier may have been subject to a combination of any of the 
treatments mentioned above. 

The calcination temperature of the hydrotalcite based carrier is preferably in the range of 
about 700 to 1200 °C, particularly about 700-800°C 

The final catalyst calcination takes preferably place at a temperature of about 400 to 1200 °C 
particularly about 560- 800°C. 
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The catalyst may be admixed a binder. 

In the case of the (de)hydrogenation catalyst the hydrotalcite based carrier has been 
impregnated by at least one metal selected from the group VIII of the periodical table of the 
elements. 

Further in a preferred embodiment the hydrotalcite based carrier has been impregnated by at 
least one metal selected from the group IVA of the periodical table of the elements. 

Particularly the hydrotalcite based carrier has been impregnated by at least one metal selected 
from the group VIII, at least one metal selected from the group IVA, and optionally at least 
one metal selected from the group IA of the periodical table of the elements. 

Particularly the hydrotalcite based carrier has been impregnated by at least one salt or 
complex of Pt as the group VIII of the periodical table of the elements metal. 

Suitably the hydrotalcite based carrier has been impregnated by at least one salt or complex of 
Sn from the group IVA of the periodical table of the elements. 

In a particularly preferred embodiment of the invention the hydrotalcite based carrier has been 
impregnated by at least one salt or complex of Pt as the group VIII and by at least one salt or 
complex of Sn as the group IVA of the periodical table of the elements metal. 

A preferred combination is the one wherein the hydrotalcite based carrier has been 
impregnated by a salt or complex of Pt and by a salt or complex of Sn. 

The preferred salt of Pt is H 2 PtCl 6 *6H 2 0. 

The preferred the salt of Sn is SnCl 2 »2H 2 0. 

Accordingly a catalyst as defined above is useful in a catalytic process. 
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When the catalytic metal is Pt the catalyst is particularly useful in dehydrogenation reactions, 
particularly in the dehydrogenation of alkanes. 

Of particular interest is in the dehydrogenation of C 2 _, alkanes, such as the dehydrogenation of 
propane. 

Use of the catalyst of the invention for the hydrogenation of unsaturated hydrocarbons is also 
subject matter of the present invention. 

Detailed description of invention 

The invention is illustrated by the following examples. 

General: 

Powder X-ray diffraction measurements were performed using a Siemens D-5000 
diffractometer with Cu-K a radiation. The specific surface area was measured using nitrogen 
by the BET method. XRD and BET analysis results are shown in Table 1 and in Figures 1-3. 

Figure 1: X-ray diffractograms of a sample prepared according to Example 2; a) after drying, 
and b) after calcination. 

Figure 2: X-ray diffractograms of a sample prepared according to Example 7; a) after 
impregnation, and b) after impregnation and calcination. 

Figure 3: X-ray diffractogram of a sample prepared according to Example 1 1; a) after 
impregnation, and b) after impregnation and calcination. 

Calcination was performed under flowing air (100 Nml/min). The sample was heated with a 
heating rate of 3°C/min to the final calcination temperature. The duration of the calcination (at 
the final calcination temperature) was 15 hours for carrier materials, and 5 hours for catalysts. 
After completing the calcination, the sample was cooled with a cooling rate of appx. 2°C/min. 
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Before testing, the catalyst powder was pressed to tablets (5 tons pressure, tablet diameter 24 
mm), crushed and sieved to a particle diameter of 0.7-1 .0 mm. 

Catalytic testing in dehydrogenation reactions was performed in a fixed bed titanium reactor. 
The inner diameter of the reactor was 9 mm. A titanium tube of outer diameter 3 mm was 
located in the centre of the reactor. The reactor temperature was controlled by a thermocouple 
placed in the 3 mm tube inside the reactor. The catalyst pellets (appx. 3 g) were placed on a 
titanium sinter in the reactor. The total pressure in the reactor was 1 . 1 bar. 

Product analysis was performed using an on-line Gas Chromatograph. 

During propane dehydrogenation (PDH), the reaction temperature was 600°C. The GHSV was 
1000 h* 1 based on propane, and the reaction gas contained 4.5% hydrogen, 32% propane and 
remainder steam, on a mole basis. The duration of each test cycle was 24 hours, including 
regeneration. 

Prior to testing, the catalyst was activated in situ through an ROR (reduction-oxidation- 
reduction) treatment at 600°C. The ROR treatment is described in detail in 1 . 

Catalyst regeneration was performed by oxidative treatment using air diluted with nitrogen. 
The oxygen content was initially 2%, and was increased in a stepwise manner to a final level 
of 21% (pure air). After regeneration, the catalyst was reduced in flowing hydrogen. Both the 
regeneration and reduction steps were carried out at 600°C. 

In the catalytic tests, the selectivity towards propene was generally 97-98%, on mole carbon 
basis. Conversion data from the tests are shown in Table 2. 

Dehydrogenation of other feeds were performed according to the procedure described above, 
but at different temperatures and pressures: 
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Ethane dehydrogenation was performed at 600-700°C with a feed ratio: Ethane:H 2 :H 2 0 = 
16.5 : 4.5 : 79 on a mole basis, and GHSV = 500 h'based on ethane. Iso-Butane 
dehydrogenation was performed at 570-600°C with a feed ratio: Isobutane : H 2 : H 2 0 = 32 : 
4.5 : 63.5 on a mole basis, and GHSV = lOOOh' 1 based on isobutane. 

Propene hydrogenation was performed at 550°C and 2 bar pressure, with a feed molar ratio: 
C 3 H 6 : H 2 : H 2 0 = 23 : 27 : 50. The GHSV was lOOOh" 1 based on propene. 

Example 1. Preparation of HTC carrier material 

a) Nitrate salts of magnesium (Mg(N0 3 ) 2 *6H 2 0, 1 16.35 g) and aluminium (A1(N0 3 ) 3 *9H 2 0, 

17.01 g) were dissolved in distilled water (500 ml). A second solution was prepared from 
(NH 4 ) 2 C0 3 (2.18 g) and NH 3 (25%, 21 ml) in distilled water (500 ml). The two solutions were 
slowly added (dropwise addition with 40 minutes duration) to a common reservoir under 
continuous stirring. The pH of the solution was kept constant at appx. 8 ? and the temperature 
was appx. 60°C. The final adduct was filtered, washed with distilled water to neutrality, and 
dried overnight (100°C). The X-ray diffractogram showed a major hydrotalcite phase. 

b) A part of the product was subject to calcination at 700°C. The transformation of the 
hydrotalcite phase into a Mg(Al)0 structure was shown by XRD. 

Chemical analysis of the resulting carrier material showed that it had a molar ratio: Mg/Al = 
3. 

Example 2. Preparation of HTC carrier material 

a) Nitrate salts of magnesium (Mg(N0 3 ) 2 *6H 2 0, 233.24 g) and aluminium (A1(N0 3 ) 3 *9H 2 0, 

34.02 g) were dissolved in distilled water (1000 ml). A second solution was prepared from 
Na 2 C0 3 (4.80 g) and NaOH (45.3 1 g) in distilled water (1 000 ml). The two solutions were 
slowly added (dropwise addition with 55 minutes duration) to a common reservoir under 
continuous stirring. The pH of the solution was kept constant at appx. 10, and the temperature 
was appx. 60°C. The final adduct was filtered, washed with distilled water to neutrality, and 
dried overnight (100°C). The X-ray diffractogram showed a major hydrotalcite phase. 

b) A part of the product was subject to calcination at 800°C. The transformation of the 
hydrotalcite phase into a Mg(Al)0 structure was shown by XRD. 
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Chemical analysis of the resulting carrier material obtained during repeated preparations, 
showed that it had a molar ratio in the range Mg/Al = 5.0 ± 0.6. The carrier material used for 
metal addition had a Mg/Al ratio of 4.8. 

XRD patterns of the dried and calcined materials are shown in Figure 1 . 

Example 3. Impregnation of a calcined HTC carrier material from an ethanol solution 

a) A Mg-Al-O carrier material (61 .95 g) prepared according to Example lb was co- 
impregnated with H 2 PtCl 6 *6H 2 0 (0.4930 g) and SnCl 2 *2H 2 0 (1 .4133 g) in ethanol solution 
(500 ml). The solution was stirred with the carrier material for 2 hours, and the solvent 
evaporated under reduced pressure. The solid material was then dried (100°C). Part of the 
material was calcined at 560°C and tested under PDH conditions. 

b) A Mg-Al-O carrier material (51 .86 g) prepared according to Example 2b was co- 
impregnated with H 2 PtCl 6 *6H 2 0 (0.3889 g) and SnCl 2 *2H 2 0 (1.1828 g) in ethanol solution 
(400 ml). The solution was stirred with the carrier material for 2 hours, and the solvent 
evaporated under reduced pressure. The solid material was then dried (100°C). Part of the 
material was calcined at 560°C and tested under PDH conditions. 

Example 4. Impregnation of a calcined HTC carrier material from an aqueous solution 
acidified by HO, without washing 

Tin chloride (SnCI 2 *2H 2 0, 0. 3181 g) was dissolved in HC1 (2M, 51 ml). Hexachloroplatinum 
(H 2 PtCl 6 *6H 2 0, 0.1045 g) was dissolved in distilled water (91 ml). The two solution were 
mixed. A Mg-Al-O carrier material (13.9 g) prepared according to Example lb was stirred 
with the salt solution for 30 minutes. The solution was then filtered, and the solid material 
dried (100°C). The material was calcined at 560°C and tested under PDH conditions. 

Example 5. Impregnation of a calcined HTC carrier material from an aqueous solution 
acidified by HC1 

Tin chloride (SnCl 2 *2H 2 0, 0. 3398 g) was dissolved in HC1 (1M, 109 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.1 1 16 g) was dissolved in distilled water (40 ml). The 
two solutions were mixed. A Mg-Al-O carrier material (14.88 g) prepared according to 
Example lb was stirred with the salt solution for 30 minutes. The solution was then filtered, 
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and washed 3 times with water (appx. 750 ml). The solid material was dried (100°C). Part of 
the material was calcined (560°C) and tested under PDH conditions. 

Example 6. Impregnation of a calcined HTC carrier material from an aqueous solution 
acidified by HCI 

Tin chloride (SnCl 2 *2H 2 0, 0.2429 g) was dissolved in HCI (37%, 6.5 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.0793 g) was dissolved in distilled water. The two 
solutions were mixed and distilled water added to a total volume of 100 ml. The solution was 
mixed with a calcined Mg(Al)0 material, prepared according to Example 2b (10.6 g). The 
suspension was stirred for 1 hour, filtered, washed and dried overnight (100°C). The product 
was then calcined (560°C) and tested under PDH conditions. 

Example 7. Impregnation of a calcined HTC carrier material in suspension, from an 
aqueous solution acidified by HCI (rapid addition) 

Tin chloride (SnCl 2 *2H 2 0, 0.2482 g) was dissolved in HCI (2M, 32 ml). Hexachloroplatinum 
(H 2 PtCl 6 *6H 2 0, 0.082 g) was dissolved in distilled water (5 ml). The two solutions were 
mixed. Mg(Al)0 (10.9 g), prepared according to Example 2b, was slurried in distilled water 
(60 ml). The suspension was stirred for some minutes, before the salt solution was rapidly 
added. The final suspension was stirred for 1 hour, filtered, washed and dried overnight 
(100°C). The product was then calcined (560°C) and tested under PDH conditions. 
XRD patterns of the dried and calcined materials are shown in Figure 2. 

Example 8. Impregnation of a calcined HTC carrier material in suspension, from an 
aqueous solution acidified by HCI (dropwise addition) 

Tin chloride (SnCl 2 *2H 2 0, 0.2094 g) was dissolved in HCI (37%, 5.6 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.0691 g) was dissolved in distilled water (10 ml). The 
two solution were mixed, and distilled water added to a total volume of 35 ml. Mg(Al)0 (9.18 
g), prepared according to Example 2b, was added to distilled water (85 ml). The suspension 
was stirred for some minutes, before the salt solution was added in a dropwise manner (10 
min). The final suspension was stirred for 1 hour, filtered, washed and dried (100°C). The 
product was then calcined (560°C) and tested under PDH conditions. In the main test (Ex. 8a), 



16 

WO 00/38832 PCT/NO99/00403 

the ordinary pretreatment procedure was used, while in a second test (Ex. 8b) ; a slightly 
modified pretreatment procedure was used. 

Example 9. Impregnation of a calcined HTC carrier material in suspension, from an 
aqueous solution acidified by HC1, with prolonged contact time 

Tin chloride (SnCl 2 *2H 2 0, 0.2349 g) was dissolved in HC1 (37%, 6 ml). Hexachloroplatinum 
(H 2 PtCl 6 *6H,0, 0.0774 g) was dissolved in distilled water (5 ml). The two solution were 
mixed, and distilled water added to a total volume of 45 ml. Mg(Al)0 (10.3 g), prepared 
according to Example 2b, was added to distilled water (55 ml). The suspension was stirred for 
some minutes, before the salt solution was added in a dropwise manner (4-5 min). The final 
suspension was stirred for 3 hours, filtered, washed and dried overnight (100°C). The product 
was then calcined (560°C) and tested under PDH conditions. 



Example 10, Impregnation of a calcined HTC carrier material in suspension, from an 
aqueous solution acidified by HO, without washing 

Tin chloride (SnCl 2 *2H 2 0, 0.2015 g) was dissolved in HC1 (37%, 5.5 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.0670 g) was dissolved in distilled water (10 ml). The 
two solution were mixed, and distilled water added to a total volume of 40 ml. Mg(Al)0 (8.83 
g), prepared according to Example 2b, was added to distilled water (45 ml). The suspension 
was stirred for some minutes, before the salt solution was added in a dropwise manner (10 
min). The final suspension was stirred for 1 hour, filtered and dried overnight (100°C). The 
product was then calcined (560°C) and tested under PDH conditions. 

Example 11. Impregnation of a calcined HTC carrier material in suspension, from an 
aqueous solution acidified by acetic acid 

Tin chloride (SnCl 2 *2H 2 0, 0.2355 g) and hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.076 g) were 
dissolved in acetic acid (10 ml). Distilled water was added to a total volume of 50 ml. 
Mg(Al)0 (10.2 g), prepared according to Example 2b, was added to distilled water (60 ml). 
The suspension was stirred for some minutes, before the salt solution was added in a dropwise 
manner (4-5 min). The final suspension was stirred for 0.5 hours, filtered and dried overnight 
(100°C). XRD of the dried product showed the appearance of a poorly crystalline hvdrotalcite. 
The d(001) value had been shifted to 10.82, indicating that the anion interlayer contains 



WO 00/38832 
acetate anions, (Figure 3a). 
(Figure 3b). 
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The product was then calcined at 560°C r yielding the MgO phase 



Example 12. Impregnation of an uncalcined HTC carrier material in suspension, from 
an aqueous solution acidified by HC1 

a) Tin chloride (SnCl 2 *2H 2 0, 0.2046 g) was dissolved in HC1 (37%, 6.0 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 Q, 0.0677 g) was dissolved in distilled water (10 ml). The 
two solution were mixed, and distilled water added to a total volume of 40 ml. Mg-Al HTC 
(14.7 g), prepared according to Example 2a, was added to distilled water (50 ml). The 
suspension was stirred for some minutes, before the salt solution was added in a dropwise 
manner (10 min). The final suspension was stirred for 1 hour, filtered, washed and dried 
overnight (100°C). Part of the product was then calcined (560°C) and tested under PDH 
conditions. 

b) Part of the dried product was calcined at 800°C and tested under PDH conditions. 

Example 13. Impregnation of an uncalcined HTC carrier material from an EtOH 
solution 

Tin chloride (SnCl 2 *2H 2 0, 0.1779 g) and hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.0586 g) were 
dissolved in ethanol (75 ml). The solution were added to a Mg-Al HTC (12.78 g) carrier, 
prepared according to Example 2a. The suspension was stirred for 2 hours, and the solvent 
evaporated under reduced pressure. The solid material was dried (100°C), calcined (560°C) 
and tested under PDH conditions. 

Example 14. Preparation of hydrotalcite material containing Mg and Ga, with 
subsequent impregnation 

Nitrate salts of magnesium (Mg(N0 3 ) 2 *6H 2 0, 73.80 g) and gallium (Ga(N0 3 ),*9H 2 0, 13.41 1 
g) were dissolved in distilled water (750 ml). A second solution was prepared from KX0 3 
(3.355 g) and KOH (22.57 g) in distilled water (750 ml). Distilled water (300 ml) was added 
to a reservoir and heated to 50°C. The two solutions were added to this reservoir in a dropwise 
manner (total duration 40 minutes) under continuous stirring. The pH of the solution was kept 
constant at appx. 10, and the temperature was appx. 45°C. The final adduct was filtered, 
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washed with distilled water and dried overnight (100°C). The X-ray diffractogram showed a 
hydrotalcite phase. 

Part of the material was calcined (800°C) and impregnated with Pt and Sn according to 
Example 8. 

Example 15. Impregnation of a wet, uncalcined HTC carrier material in suspension, 
from an aqueous solution acidified by HC1 

a) Tin chloride (SnCl 2 *2H 2 0, 0.2046 g) was dissolved in HC1 (37%, 6.0 ml). 
Hexachloroplatinum (H 2 PtCl 6 *6H 2 0, 0.0677 g) was dissolved in distilled water (10 ml). The 
two solution were mixed, and distilled water added to a total volume of 40 ml Mg-Al HTC 
(14.7 g) was prepared according to Example 2a, but without drying. The salt solution was 
added to the wet carrier material in a dropwise manner (10 min). The final suspension was 
stirred for 1 hour, filtered, washed and dried overnight (100°C). Part of the product was then 
calcined (560°C) and tested under PDH conditions. 

b) Part of the dried product was calcined at 800°C and tested under PDH conditions. 
Example 16. Catalyst testing of the carrier material 

A carrier material prepared according to Example lb was subject to a catalytic test under PDH 
conditions. GC analysis of the effluent gas showed negligible propane conversion (<1%) 
under the test conditions described above (»General»), but with shorter residence time (GHSV 
= 2400 h" 1 ). 

Example 17. Catalyst testing 

The catalysts prepared according to Examples 3-15 and 20 were subject to catalytic testing 
under PDH conditions. Test results obtained during the first 10 test cycles are shown in Table 
2. 

Example 18. Catalyst testing with other feedstocks 

a) Ethane dehvdroeenation. A catalyst prepared according to Example 8 was used as an 
ethane dehydrogenation catalyst (See «General» for test conditions). The results obtained 
during six subsequent test cycles at 650°C showed a stable activity from cycle to cycle, 
with an initial conversion of 40%, decreasing to 30% at the end of each test cycle. The 
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selectivity towards ethene was 80-85%, on mole carbon basis. Before testing as an ethane 
dehydrogenation catalyst, the catalyst had been subject to PDH testing at 600°C. 

b ) Isobutane dehvdrogenation. A catalyst prepared according to Example 8 was used as an 
isobutane dehydrogenation catalyst (See «General» for test conditions). The results 
obtained during three subsequent test cycles at 590°C showed a rather stable activity from 
cycle to cycle, with an initial conversion of 58% (Cycle 1), 57% (Cycle 2) and 56% (Cycle 
3), decreasing to 44% at the end of each test cycle. The selectivity towards butenes was 
96%, on mole carbon basis. Before testing as an isobutane dehydrogenation catalyst, the 
catalyst had been subject to PDH testing at 600 °C. 

c) Propene hydrogenation. A catalyst prepared according to Example 12 was used as a 
propene hydrogenation catalyst (See "General" for test conditions). The catalyst had a high 
initial activity (74% conversion), decreasing to 32% during the first test cycle. The propane 
selectivity was 98-99% throughout the test. 



Example 19. Catalyst calcination 

A catalyst prepared according to Example 8 was subject to calcination at various temperatures 
(560-800°C). Relative Pt dispersion values of the calcined samples were determined by CO 
pulse chemisorption experiments using an Alta-Mira apparatus (AMI-1) and the ROR 
pretreatment procedure. The results of the CO pulse chemisorption experiments are shown in 
Table 3. XRD showed a major MgO phase for all samples, and the BET area was in the range 
150-200 m 2 /g for all samples (Table 1). PDH testing gave very similar results for the samples 
calcined at 560, 700 and 800°C (Table 2). It should be noted that these results are not directly 
comparable with the other results in Table 2, due to a slightly modified pretreatment 
procedure. 



Example 20. Addition of binder 

A catalyst was prepared according to Example 8, and subsequently mixed with alumina, 
before pressing, crushing, sieving and testing as a PDH catalyst. The results shown in Table 2 
correspond to an alumina content of appx. 20wt%. Similar test results were obtained with 
other alumina contents. 
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Table 1 : Characterisation results for the materials described in the Examples, 



Material 


Treatment 


BET surface area 
(m-/g) 


XRD 


bx. za 


Before calc. 


43 


HTC 


bx. ZD 


Atter calc. 


145 


MgO 


bx.3a 


Before calc. 


n.m. 


MgO 


bx.ia 


A XV ^ 1 

After calc. 


202 


MgO 


Ex.3b 


After calc. 


123 


MgO 


Ex.4 


After calc. 


129 




Ex. 5 


After calc. 


162 


MgO 


Ex.6 


After calc. 


1 12 


MgO 


Ex.7 


After calc. 


113-126 


MgO 


Ex.8 


After calc. 


153 


MgO 


Ex.9 


After calc. 


106 




Ex.10 


After calc. 




MgO 


Ex.1 1 


After calc. 


111 


MgO 


bx.lza 


A XV 1 

After calc. 






Ex. 13 


After calc. 


156 


MgO 


bx.14 


Before imp. 


135 


MgO (spinel) 


Ex.14 


A XV ' J 1 

After imp.and calc. 


110 


MgO (spinel) 




A ftpr r» o 1 /■» 
/\lLCi L/dIC. 


1 12. 


MgO 


Ex. 15b 


After calc. 


121 


MgO 


Ex.19 


Calcined 560/2 


180 


MgO 


Ex.19 


Calcined 700/15 


184 


MgO 


Ex.19 


Calcined 800/15 


160 


MgO 



Abbreviations: 
n.m.) Not measured 
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Table 2: Test results obtained with catalysts described in the Examples. 



Catalyst 


Cycle 1 
conversion 


Cycle 3 
conversion 


Cycle 5 
conversion 


Cycle 10 
conversion 




Initial 


Final 


Initial 


Final 


Initial 


Final 


Initial 


Final 


Ex. 3a 


n.m. 


n.m. 


62 


38 


54 


33 


n.m. 


n.m. 


Ex.3 a 


53 


35 


46 


30 


n.m. 


n.m. 


n.m. 


n.m. 


Ex.3b 


18 


22 


33" 

A « 111 

31 in 


24" 
22"' 


n.m. 


n.m. 


n.m. 


n.m. 


Ex.4 


68 


47 


59 


43 


46 


32 


n.m. 


n.m. 


Ex.5 


59 


48 


57 


45 


55' 


38' 


55 


39 


Ex.6 


55 


43 


61 


44 


60 


40 


60 


36 


Ex.7 


51 


42 


60 


42 


59 


41 


59 


39 


Ex.8a 


50 


33 


60 


45 


60 


44 


60 


41 


Ex.8b 


58 


46 


n.m. 


n.m. 


51 


47 


n.m. 


n.m. 


Ex.9 


54 


48 


55 


41 


54 


48 


n.m. 


n.m. 


Ex.10 


38 


24 


35 


23 


35 


23 


n.m. 


n.m. 


Ex.11 


52 


47 


52 


40 


51 


38 


n.m. 


n.m. 


Ex. 12a 


47 


38 


n.m. 


50 


58 


47 


55 


40 


Ex. 12b 


57 


45 


55 


42 


55 


41 


52 


38(9 lh ) 


Ex. 13 


52 


48 


53 


45 


n.m. 


n.m. 


49 


40 


Ex.14 


59 


40 


55 


jl 


58 


28 


n.m. 


n.m. 


Ex. 15a 


54 


42 


49 


36 


45 


32 


n.m. 


n.m. 


Ex. 15b 


57 


46 


55 


45 


n.m. 


n.m. 


n.m. 


n.m. 


Ex. 19/560°C 


66 


38 


67 


40 


66 


43 


n.m. 


n.m. 


Ex. 19/700°C 


65 


36 


66 


37 


65 


39 


65 


42 


Ex. 19/800°C 


59 


35 


61 


41 


65 


41 


63 


44 


Ex.20 


55 


23 


57 


29 


56 


30 


n.m. 


n.m. 



Abbreviations: 
n.m.) Not measured 
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') Test cycle 6 (due to analytical problems) 
") Test cycle 2 
IH ) Test cycle 3 



Table 3. Influence of calcination temperature on metal dispersion (Example 19) 



Calcination temperature (duration) 
(°C) (hours) 


Relative metal dispersion 


560 (2) 


1.0 


560(15) 


1.0 


700 


1.4 


800 


1.6 



Discussion 

The characterisation results shown in Figures 1-3 and in Table 1 illustrate that when 
contacting a calcined hydrotalcite-based material with an aqueous solution, the hydrotalcite 
phase is regained. After subsequent calcination, the hydrotalcite phase transforms to the oxide 
phase. 

However, when contacting a calcined hydrotalcite-based material with an ethanol solution, the 
oxide structure is maintained. 

It has previously (See: «General») been stated that the selectivity of the catalysts prepared 
according to the present invention, is very high. The major focus of this discussion is 
therefore on the activity and stability of dehydrogenation catalysts prepared according to the 
present invention. From the results in Table 2, it is observed that the initial conversion level of 
the catalysts is generally high during propane dehydrogenation (appx. 60%), and very close to 
the thermodynamic equilibrium conversion under these conditions. When discussing the 
catalyst stability, focus is therefore put on the activity at the end of each test cycle, denoted 
«Final conversion» in Table 2. When reporting that the catalyst reaches a stable performance 
level, this means that it's final conversion is similar for several consecutive test cycles. 
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In general, the test results (Table 2) illustrate that the catalysts prepared according to the 
present invention (i.e.; rnetal addition, washing and calcination) reach a stable performance 
level between the 5 th and 10 th test cycle. 

The test results shown in Table 2 further illustrate that catalysts prepared according to our 
previous invention 1 ( i.e.; oxide phase of carrier material during metal addition, Example 3), 
have a life time stability and/or a stable performance level which is clearly inferior to that 
obtained for samples prepared according to the present invention (i.e.; hydrotalcite phase 
during metal addition, preferably followed by washing, e.g. Examples 5-9). This means that it 
is important to add the metal(s) to the hydrotalcite phase, and then calcine it at the desired 
temperature. Table 2 further illustrates the strong influence of the washing step on the stable 
performance level of each catalyst (Example 4 vs. Example 5; and Example 8 vs. Example 
10). The same trends are observed regardless of the Mg/Al ratio of the hydrotalcite-based 
carrier material. 

The metal addition procedure (dry or wet carrier, dropwise or »one go» metal addition, carrier 
— metal solution contact time) has only a minor influence on the catalyst's initial activity and 
life time stability. 

The characterisation results shown in Table 1 and 3 illustrate that the final calcination 
temperature may be varied compared to the standard calcination temperature (560°C), while 
maintaining a high metal dispersion and high specific surface area. The corresponding test 
results (Table 2) illustrate that the calcination of the final catalysts at temperatures above 
560°C leads to catalysts with maintained or improved long-term stability. 

The results in Table 2 further indicate that the impregnation of an uncalcined hydrotalcite, 
which is subsequently calcined at 560°C, gives a catalyst with a lower deactivation rate within 
each test cycle, but with a lesser long-term stability compared to catalysts based on pre- 
calcined carrier materials. 

Replacing Al in the hydrotalcite phase with Ga does not lead to an improved catalyst 
compared to carrier materials containing only Mg and Al. 
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Addition of an alumina binder leads to a more rapid deactivation during each test cycle, but 
does not alter the long-time stability of the catalyst. 

The use of a modified pretreatment procedure (Ex. 8b (and Ex. 19) compared to Ex. 8a) gave 
a higher conversion in the first test cycle, but did not alter the long-term stability of the 
catalyst. 

The dehydrogenation tests using other feedstocks than propane (Example 1 8) illustrate that 
the excellent activity and stability properties observed for the catalysts of the present 
invention, are properties which are of general validity to all types of hydrocarbon 
dehydrogenation reactions. It is further observed that the catalysts of the present invention are 
also excellent catalysts for the hydrogenation of unsaturated compounds (Example 1 8). The 
particular benefits thus obtained by using the catalysts of the present invention were not to be 
expected in view of the prior art comprising the references as listed below. 
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